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SUMMARY 



The purpose of this investigation was 
to attempt to further the accumulated know** 
ledge on the general aspects of air flowing 
at high angular velocities and under the in- 
fluence of large viscous forces. 

The air was introduced through a " vortex 
valve” to give it angular velocity and then 
spun down a pipe where various measurements 
could be taken. 

In general it was concluded that a 
station of constant angular momentum would 
be difficult to attain and Impossible to main- 
tain in a moving medium and that heat trans- 
fer equilibrium, or constant static tempera- 
ture in a radial direction, would not be reached. 



SYMBOLS USED 



Pc Static pressure at the tube center, 

Pn Static pressure at the tube v/all. 

Po^ Total prossure at the tubo wall* 

Pop Total prossure ahead of the vortex valvo. 

Top Total temperature ahead of the vortex valve. 
To w Total tenperature at the tube wall. 

Tw Static temperature at the tubo wall. 

Tc Total temporatux'e at the tubo center. 

Mw Mach number at the tubo wall, 
p Density of the air in slug3 per cubic foot, 
r Radius of the vortex tube. 

(JL) Angular velocity of the air in the tube. 

If = 1.395 

°v 

MV Millivolt reading of potentiometer. 

R Gas constant = 53.35 



V 6U(r) 



I HTRODUCTI ON 



The concept of the so-called forced vortex in an 
actual gas, as opposed to that of the classical free 
vortex having no viscous shearing forces, has been in- 
vestigated quite widely in recent years. The refriger- 
ation possibilities of such a flow were supposedly 
first recognizod by a French scientist, G. J. Ranque 
who pa touted the Ranque tube in this country in the 
early nineteen thirties. During World War II, Rudolph 
hlilschi continued the vortex tubo investigation hoping 
to provide refrigeration for certain German r.iino 3 . 
Interest in this development was revived in this coun- 
try in nineteen hundred and forty five and investiga- 
tions have been conducted by numerous individuals and • 
organizations since that time including: the General 
Electric Research Laboratory, DuPont do liomotirs Re- 
search Laboratory, Pratt and Whitney Aircraft Corpora- 
tion, Massachusetts Institute of Technology, and Rens- 
selaer Polytechnic Institute. Although the explana- 
tions of the actual mechianism of this working of tlie 
Hilschi tube have boon varied and contradictory, it ha3 
in general been concluded that it was unsatisfactory 



for its original purpose, refrigeration, due to a com- 
paratively low efficiency as a cooling unit. 

Although the vortex tube proved to have no present 
application in the field of refrigeration, it i3 inter- 
esting to note that several practical applications of 
the vortex principle have been made. These inclxide: 
commercial oil burners, dust cleaners, and more recent- 
ly, a development by Dr. Vonegutt of the General Elec- 
tric Research Laboratory of a vortex thermometer for 
reading not only tho ambient air temperatures under 
adverse conditions of icing and turbulence Imt also the 
true air speed of a moving plane under the sane condi- 
tions. There has al30 been some development by the 
NACA of axial flow compressors utilising constant tan- 
gential velocity and constant angular velocity profiles 
to obtain greator blade tip loadings than were obtain- 
able from the previoiis designs based on theoretical 
vortex velocity distributions. 

Profe33or Neil P. Bailey, and members of tho 3taff 
at Rensselaer Polytechnic Institute, proposod a thoory 
that the forced vortex in an actual gas approached a 
condition of equilibrium 3uch that tho fluid mass ro- 
tated a3 a 3olid body. In this condition, tho only 
viscous shearing forces present would be between the 
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fluid and the pipe wall and theoretically, the fluid 
should come to heat transfer eqxiilibrium Y/ith a constant 
static temperature and a variable total temperature in 
the piano of constant angular velocity. 

Several investigations were conducted at this in- 
stitution on various phases of the forced vortex flow 
in an effort to learn as much as possible of the physi- 
cal results of such a flov/ and the mechanisms responsi- 
ble. Vf, C. Vickrey induced a vortex in a short two- 
inch tube at a low weight flov/ and finally concluded 
that a plane of constant angular velocity did exist. 

Tills was corraborated by L. M. Zubko working with 
greater weight flows and a four inch vortex tube. Ben 
B. Levitt then attempted an analysis of a vortex in a 
converging section with a sufficiently high weight flov; 
to give supersonic flow, Levitt found no positive evi- 
dence that a station or rogion of constant angular ve- 
locity existed, and in none of these investigations wa3 
heat transfer equilibrium reached nor was it possible 
to maintain the condition of constant angular volocity 
over an axial distance groator than a thin plane. 

It was the purpose of thi3 investigation to turn 
to as small a vortex tube as practicable to instrument 
and use as high weight flows as could readily be 
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obtained with available equipment in order to produce 
a rotating system of extremely high angular velocity, 
pressure and temperature distribution, v/ith a consequent 
better opportunity to determine more exactly some of 
the characteristics of the vortex type flow. 

This investigation v/as conducted in the Mechani- 
cal Engineering Department, Rensselaer Polytechnic 
Institute, Troy, N. Y. during the period February to 
May, 1950. 

The author v/ishos to express his gratitude to 
Professor Neil P. Bailey, Professor J. J. Devine, 
Associate Professor F. J. Bordt, Instructor J. F. Hill 
of the department 3taff and Ralph Giles, George Hudson 
and Waldo Goyer of the machine shop for their g\ildance, 
cooperation and patience. 
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EQUIPMENT AND PROCEDURE 



A schematic diagram of tho teat set-up ia shown 
in Figure 1 and photographs of tho teat installation 
and instrumentation in Figures 14, 15, 16, and 17. 

The compressed air source consisted of 2 six cylinder 
Schram compressors. Model 210, rated at 206 cubic feet 
of standard air per minute at 1175 RPM. A V/estinghouse 
three phase, 60 cycle, 220 volt, 50 horsepower motor 
with a rated full load speed of 1175 RPM was connected 
by a direct drive to each compressor. 

The air was led directly from the storage tanks 
to a plenum chamber using a coarse and fine control 
valve in parallel. A 3/4 inch area metering nozzle was 
located in the plenum chamber with pressure tap3 con- 
nected to a mercury manometer to give the pressure drop 
across tho nozzle, A thermometer was installed down- 
stream of the metering nozzle to measure total tempera- 
ture ahead of tho vortex tube. By knowing the pressure 
drop across the metering nozzle, its area and the total 
temperature, the weight flow for any given pressure drop 
could bo calculated. Actually the weight flow v;an not 
directly involved in any of tho vortex calculations and 
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fche plenum chamber was used mainly for it3 utility in 
mounting and instrumentation. 

The vortex plate, or vortex valvo, wa3 designod 
by Professor Bailey for another investigation but was 
modified slightly to fit the conditions of tills develop- 
ment. The valve consisted of a 2-3/4 inch diameter, 

3/l6 inch thick brass plate on which were mounted 24 
adjustable vane3 secured on a 2-1/0 inch diameter circle. 
These vanos were set 30 they made an angle of ten de- 
grees to the tangent of the circle on which they were 
mounted. This condition was chosen somewhat arbitrarily 
to give the be3t compromise betwoen high angular veloci- 
ties, low radial velocities, and high weight flow. 

Figure 2 gives the detailed specifications of the vortox 
valve and Figures 3 and 14 show its installation. The 
appendix to this report contains a development of the 
formula for setting the blade angles with an external 
protractor. 

The vortex tube itself was of two inch inside 
diameter brass, 17 inches long with instrumentation 
holos every two inches starting £r inch from the plonum 
chamber flange. It was necessary to build up the wall 
thickness at each of the ins trumontation holos to provide 
greater rigidity for the Instruments. Figure 3 contains 
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the detailed drawings of the vortex tube, and figure 
15 Is a photograph of the mounted tube on the plenum 
chamber. 

The high angular velocities encountered in a 
vortex tube would be expected to give a radial pressure 
distribution which wa3 higher tov/ards the periphery than 
in the center. In this investigation this phenomena 
manifested itself In a 3ub atomospheric zone in the 
center. At the discharge end of the vortex tube there 
appeared to exist an unstable back flov/ condition into 
the low pressure central zone which resulted in an un- 
bearable noise level. As this noi3e level definitely 
increased v/ith weight flow, it was necessary to eliminate, 
or at least alleviate, the back flow before the desired 
high weight flows could be studied. The procedure used 
by Levitt was followed in thi3 case v/ith slight modifi- 
cations. A tv/o inch diameter aluminum cone, machined 
to a 3lxty degree taper, and rigidly mounted to a steel 
3hank v/as placed at the discharge of the tube. The 
3hank rode in a -bushing v/hich was mounted to the lathe 
bed, permitting the cone to adjust itself for the weight 
flov/ encountered. The cone and 3hanlc v/oro both tapped 
for a .110 inch axial static pre 3 auro and total tempera- 
ture probe. The operation of the cone was extremely 
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satisfactory at all weight flows, apparontly eliminating 
all back flow and actually eliminating all of the noise. 
Figure 15 shows the cone slightly downstream of its 
proper position in order that the details may more 
readily be observed. 

Both static pressure and total temperature probes 
were of .110 inch hollov/ steol v/ire 23 inches long. 

The static pressure probo was closed at its upstream 
end and drilled £ inch from this tip for a pressure tap. 

A brass nipple was soldered to the downstream end to 
hold the necessary rubber tubing. 

The axial total temperature probe was made using 
an iron constantan thermocouple junction of number 30 
v/ire, insulated from the enclosing 3toel tubing and welded 
at the tip and at the cold junction. A Leeds and 
llorthrup potentiometer v/as used with a cold junction 
maintained at 32 degreos Falirenhe.it in an ico-wator 
bath. The thermocouple wa3 intended for use only at the 
center of the vortex tube v/hore it was expected that 
velocities would be negligible. All calibrations were 
then made under static conditions in a hot water bath 
through the range of temperature variation expected, 
lie measurable variation v/as found between the thermo- 
couple readings and an accurate standard mercury thor- 
mometor . 
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As it was mandatory that both axial probes bo 
supported within the tube as well as by the discharge 
cone, a wire spider, soldered to a brass bushing, simi- 
lar to the one U 3 ed by Levitt, was tried. After repair- 
ing numerous spiders, it was decided that the design was 
not sxifficiontly strong to withstand the high angular 
velocities encountered and a support was constructed 
utilizing a thin outer brass 3hroud. as the entire sup- 
port was approximately two inches downstream of the 
station under instrumentation, and the support v/as in- 
serted for center measurements only, it was not felt 
that the support had any measurable effect on the actual 
3tatic pressure or total temperature at the center. A 
photograph of the static tube and support is shown in 
Figure 17. 

The wall total pressure and total tomperature 
probes wore designed by Zubko and for details of their 
design see Reference (a) . The total pressure probe was 
modified slightly in that a space bar was installed to 
position the probe just clear of the boundary layer 
within the tube, and a pointer was mounted to Indicate 
the direction of flo w. The radial location of the probe 
was arbitrarily taken as that position which gave the 
greatest reading at station 5 and v/as approximately 
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.02 inches from the wall, clear of the boundary layer. 

The total temper ature probe wa3 calibrated at the dis- 
charge of a standard nozzle. It was assumed that the 
total temperature in the nozzle discharge v/a3 the 3ame 
as the total temperature in the plenum chamber ahead of 
the nozzle. Several thermometers wore ’used in the 
plenum chamber for a check on the total tomporature and 
the thermocouple was al30 inserted into the plenum chamber 
to chock against the reference thermometers. After check- 
ing the thermometers and the thermocouples against one 
another under the static plenum chamber conditions, air 
wa3 forced through the nozzle up to a Mach number of one 
in the nozzle and under varying conditions of total tem- 
perature in the plenum chamber as the air increased in 
temperature. It was found that the total temperature 
probe in the discharge road temperatures that wero com- 
paratively a3 accurate as the other measured variables 
of the investigation. As no variation in total tempera- 
ture of over three degrees Fahrenheit was discovered no 
corrections wore made to the observed temperatures. The 
total tempera turo probe Y/as, hov/ever, extremely direction- 
al in its characteristics, and would give correct readings 
only v/ith the proper flow orientation. This position 
of correct reading was scribed on the probe, and v/hen 
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readings were actually taken, the probe v/as rotated to 
select the correct position as indicated by the poten- 
tiometer. 

The wall static pressure wa3 obtained by a tapped 
and knurled brass plug, flush with the inner wall. 
Mercury manometers were used for both static and total 
pressures. 

The pressxxro on the upstream face of the vortox 
valve did not enter into any of the calculations and was 
used merely to identify the runs, namely: 40 and 50 
pounds per square inch gage. The axial stations on the 
tube were numbered from one to eight starting with the 
station nearest the plenum chamber. 

The compressors were allov/ed to supply the vortex 
valve v/ith the desired pressure until a steady total 
temper a txire v/as reached in the plenum chamber. This 
temperature varied from 112 degrees Fahrenheit to 110 
degrees Fahrenheit on different days and it v/as neces- 
sary to correct all temperature readings to an arbitrary 
standard for comparison. It was found that normally the 
test installation had to be run for approximately an 
hour before the air temperature in the plonum had bocono 
sufficiently stabilized to permit readings to be taken. 
To completely stabilize this temperature, it v/as finally 
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necessary to provide increased ventilation of the labor- 
atory; otherwise, the intake temperature of the compres- 
sors was constantly rising. As the compressors wore 3 et 
to unload at 100 psi gage, a bleed valve in the line was 
adjusted for each compressor at each weight flov; to keep 
the compressors operating steadily. 

In both wall and center temperature measurements, 
sufficient time was allowed between readings to allow 
the probes to reach a constant temperature as indicated 
by a constant reading of the potentiometer, 

During actual operations, only tho probe in use 
wa3 inserted in tho tube to minimize disturbances. 

The v/all stations wore first traversed for static pres- 
sure, total pressure, and total tenpei’ature . The center 
probes were not inserted until those traverses wero 
completed and tho hole through tho disclxargo cone was 
covered when the centor probes were not In use. After 
the wall traverses wore completed, all of the v/all in- 
strumentation holes were plugged wi tlx special brass 
plugs and the center static pressure and total tempera- 
ture were measured. 

The point function relationships between Mach num- 
ber and total to static pressure ratio and total to 
static temperature ratio v/ere taken from the tables in 
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Referenco (b) page 2,40, In using these tables, the 
ratio of total wall pressure to 3tatic wall pressure was 
first computed. Entering the tables with this value, 
the local Each number at the wall and the ratio of total 
to static wall temperature could be obtained. From the 
temperature ratio, the wall static temperature could bo 
computed. 



13 



THEORY 



Prom the results of careful experimentation by 
this author and other investigators, there can be no 
doubt that energy transfer must take place in a vortex 
tube as evidenced by the high total temperature differ- 
ential existing between the wall and the center of the 
tube. 

For the moment, only the directed kinetic energy 
of the entering gas molecules will be considered. 

These molecules enter the vortex tube through the vor- 
tex valve with extremely high angular velocities and 
with comparatively low axial velocities. In general, 
energy transfer can occur by three separate mechan- 
i sms : 

(1) Mass transport. 

(2) Viscous forces. 

(3) Conduction. 

Assxining that all of the molecules entering the 
vortex tube do 30 with the same velocity and having the 
same directed and random energy, mass transport would 
not appear to offer any medium whereby energy could be 
abstracted from one molecule and added to anotner of 
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exactly the sane energy. 

Conduction of energy from noleculos at higher tem- 
peratures to molecules at lower temperatures wotild tend 
to eliminate any existing temperature differentials and 
would surely provide no mechanism for giving a total 
temperature differential in the vortex tube. 

Tills would appoar to leave only viscous shearing 
forces as the mochanism whereby gases at the center of 
the vortex tube could give their directed kinetic ener- 
gies to gases in layers further removed towards the 
periphery of the tube. 

Considering at thi3 time only the angular velo- 
city components of the total flow velocity. It should 
be realized that viscous shearing forces are a function 
only of the angular velocity and not the tangential 
velocity of tho gas. 

Assuming that molecules enter the tube along def- 
inite streamlines, spiraling along definite stream 
tubes, and that the mechanism of filling tho tube is 
one of an orderly progression along a stroantubo rather 
than a random turbulence, the molec\ile3 that follov/ 
the stream tubes of decreasing radii will have u ten- 
dency to increase in angular velocity. Thi3 will of 
course lead to the establi aliment of angular velocity 
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gradients within the tube and will, at ouch success- 
ive radii, provide a mechanism whereby the molecules 
following tho shrinking stream tubes can transfer 
some of their enorgy to tho molecules immediately ad- 
jacent to then at greater radii. This process can 
continuo until ultimately enorgy can be transferred 
from the inner or center molecules to tho molecules at 
the periphery of the vortex tube. 

The large radial pre33\ire gradients existing in a 
vortex tube due to the high angular velocities, will 
give reasonably large radial static tempoi’ature grad- 
ients. These gradients must act in opposition to the 
previous effect, that is, to tend to eliminate any ex- 
isting temperature differentials. There then exi3t tho 
two opposing effects; flow of energy outward duo to the 
viscous shearing action, and flow of energy inward due 
to thermal conduction. 

Actually, all of the molecules entering the vor- 
tex tube will not have tho same kinetic energy but will 
have energios corresponding to a statistical distribu- 
tion curve. The higher directed kinetic enorgy mole- 
cules will then tend to follow the streamtubos along 
tho wall of tho tube and the lower directed kinetic en- 
ergy molecules will tend to follow the streantxibes 
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nearer the center of the tube, tho exact tube followed, 
depending upon the original kinetic energy of the mole- 
cule. This effect will in itself provide a total tem- 
perature differential, although there is no actual 
transfer of energy, only an apparent transfer. 

In the following development it was assumed that 
there wa 3 no radial flow and that the axial flow at the 
center of the tube was negligible. The first assump- 
tion would be exceedingly difficult to either prove or 
disprove by instrumentation. As previously postulated, 
some radial flow must exist at the upstream end of the 
vortox tube to allow tho txibe to flow full when the air 
I 3 expanded from the vortox valve. In general, it 
would appear that any radial component would be of neg- 
ligible magnitude in comparison v/ith the other velocity 
components . 

A flow in angular rotation can be in pressure equi- 
librium, regardless of angular velocity distribution, 
if the physical conditions of the system permit axial 
velocity gradients. Tho true vortex flov/ is the only 
angular distribution which will give a uniform axial 
velocity. Any flov/ v/ith an angular distribution such 
that the angular velocities near the center are loss 
than those of a true vortex flow, will give higher axial 
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velocities at the periphery and lower axial velocities 
toward the center. See Reference ( C ) 

Fron previo\i3 experimentation on thi3 and similar 
apparatus, it is believed that the axial velocity was 
of sufficiently snail magnitude to be ignorod at the 
center of the vortex tube. 
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Assuming in a rotating fluid, with a differential 
element as pictured above, that there is no radial flow, 
the centrifugal forces of rotation must be balanced by 
the pressure forces on the element, 
r dP dtt = p r do dr - 

d? = pdr rw 2 - -- -- -- -- -- (1 ) 

However : 

P = ikr ' 2) 



Substi tilting (2) in (1): 



dP 



vh' r dr 

gRT 



(3) 



Equation (3) is, of course, perfectly general for 
any angular velocity distribution and radial static 
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temperature distribution. 

As previously stated, if the air flowing through 
the vortex tube contains high angular velocity gradients, 
viscous shearing forces will exist between adjacent 
layers of air at different velocities. It would be 
expected that tho shearing forces between adjacent 
layers and between the outer layer and tho wall would 
tend to bring the rotating air into an equilibrium con- 
dition in which the angular velocity was constant at 
any axial station. This equilibrium condition i3 com- 
monly referred to as "solid body rotation 1 '. If this 
condition were attained, the only viscous forces pre- 
sent would be between the outer layer of the air and 
the wall of the tube, neglecting boundary layer effects. 
T)iis force would tend to slow up the outex* layers which 
would in turn tend to introduce slight angular velocity 
gradients in the tube and the process should again return 
to constant angular velocity at a lower value n3 tho 
flow moves along tho tube. 

As there avo no viscous shearing forces acting 
in the condition of solid body rotation, the air should 
come to heat transfer equilibrium with a constant static 
tempei’atui’e throughout any x’adial cross section. 

Assuming that 3uch a station, or* x’eglon, exists 
and that the static temperature wei’e constant, equation 
(3) can be integrated to: 
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ln(r \ 7 - P c ) 



( 4 ) 




Op o «, 

S if r " s 



f -yy a i’c b 



( 5 ) 



This equation presents the wall static pressure In 
terns of the wall tlach number and the centor static press- 
ure under conditions of constant angular velocity and 
static temperature# 

If tho static temperature wore not considered con- 
stant in a radial direction, but it was assumed that the 
temperature was a function of the static pressure such 
that: 



Solving for the boundary conditions to evaluate 
the constant of integration: 




(?) 



( 6 ) 




results 



Tho data obtained by instrumentation is tabulated 
in Tables 1 and II. The data computed for the theore- 
tical curves or Fin* 11 is tabulated in Tables III and 
IV. All computations uaed aro either completely so IF 
evident or are demonstrated in the sample calculations 
at the end of thin report. 

Fig. 4 i3 a plot the variation of center total 
temperature, and center static temperature assuming no 
velocity at the center of tho vortex tube, wi th axial 
station. Kero the effect of tho energy transfer from 
the center molecules to the outor molecules is plainly 
evident as center tempo natures aro as much as ninety 
five degrees Pohrohholt below tho total tenpcrat’iros 
existing in tho plon n chamber. It siiould bo noted 
t;iat the loYJOst temperatures existent at tho center 
occur at some distance downstream of the vortex valve, 
indicating tliat the energy transfer takes conaidernblo 
axial distance. It can also be soon t)uxt tho Jtighor 
weight flow run gives a lower center temperature than 
the lower weight flov/ run due to tho higher angular ve- 
locities and velocity' gradients. The lowest temperature 
reached in the higher weight flow run occurs at a greater 
distance from tho vortex valve than In tho lower weight 



flow run indicating, n3 would bo expected, that the highor 
weight flow noeds a longer tine to dissipate its directed 
kinetic energy by viscous shearing forces. If the vortex 
tube wore, as has been occasionally postulated, nerely 
a device for separating high and lor; velocity molecules, 
there would bo little difference in either minimum 
center temperature, or axial location of the point of 
minimum center temperature, with changing weight flow. 

The rise in center temperature as the flow moves 
axially along the tube is of course duo to an increase 
in the energy transfer inward duo to conduction and a 
decrease of the energy transfer outward due to viscous 
forces. 

Pig, 5 shows the variation in wall static tempera- 
ture with axial station. In thi3 figure it can be soen 
that the wall static temperature increases with increased 
distance from the vortex valve. This can be attrlbiited 
to friction and turbulenco converting total pressure into 
static temperature. No mechanisn suggests Itself for 
explaining the higher wall static tempoi'afrures at the 
lower weight flow run. 

Pig. 6 shows the static temporaturo differential 
between the tube wall and center at the varioxis axial 
locations. It can be seen that this static temperature 
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differential ia nearly zero at the first station instru- 
mented and might easily bo zero at the vortex valvo 
face. The static temperature differential then increases 
with increased distance downstream of the vortex valve, 
reaching a maximum at approximately eleven and one half 
Inches from the valve for the lower weight flow run and 
at approximately thirteen and a half inches for the 
higher weight flow run. It becomes evident then, that 
wall static temperature and static temperature differen- 
tial are a more direct function of the viscous forces 
than of the radial pressure gradients. It can be seen 
from till 3 figure that the static temperature differential 
does tend to diminish but nowhere does it roach the 
condition of constant static temperature postulated by 
the equilibrium station In the theory. The rapid de- 
crease at the last axial station should bo viev/ed with 
suspicion as this is very near the tube discharge and it 
is felt that the discharge cone would have a decided 
effect on the flow at this point. 

Pig. 7 shows the variation in wall static pressure 
with axial location along tho vortex tube. This figure 
shows that the wall static pressure decreases in a 
regular manner with increased distance from the vortox 
valve. As the static pressure at the wall is a function 
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of the angular velocity and velocity gradients at that 
station, it cannot be stated exactly what the magnitude 
of this decrease woxild be in any given instance, not 
knowing the velocity distribution. In general, the over- 
all velocity of the rotating air should be docreased 
due to viscous forces which would tend to give a de- 
creased pressure gradient. Assuming that the velocity 
distribution Is practically the same at each of the 
weight flov/3, with the higher wolght flow having the 
greater velocity at any radii. It is easily seen why the 
higher wolght flow run would have the higher wall static 
pressure as indicated In Figure 7. 

Fig. 8 shows the variation of wall total prcss\iro 
with axial location along tho vortex tube. As wo\ild 
be expected, tho higher weight flow run gives the higher 
wall total pressure. The wall total pressure Is dl.33i- 
patod quite rapidly due to the nature of tho flow with 
its iiigh viscous forces, and as was previously shown, 
appears as an Increase In wall static tomperaturo. 

Again, tho greatest changes are visible nearer tho vor- 
tex valve. Indicating tliat the mechanism of energy 
transfer takes place principally in a finite distance 
from the vortex valve. If these curves In Fig. 8 wore 
oxtrapolated back to zero axial location, the total 
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pressure would be very close to that in the plenum 
chamber, indicating very little loss in tho actual ex- 
pansion through the vortex valve. 

Pig. 9 3 hows tho center static pressure di 3trib\i- 
tion with axial location. These ciirves are interesting 
in that they definitely do not corraborato the center 
traverses of either Vickrey or Levitt who found definite 
minimum3 in their traverses. These center traverses 
were chocked quite carefully by this author and no 
indication of any pressure gradient was discovered. 

Tho sharp drop in static pressure near tho discharge 
end of the tube is probably due to the center starting 
to accelerate under the disturbing influence of the back 
flow cone. The reasonably constant center static pres- 
sure also lends weight to tho assxmption that tho center 

I 

flow is negligible as there exists no mechanism for 
creating such a flow, particularly in the larger weight 
flow run. Tho smaller weight flow run shows an increas- 
ing pressure gradient with axial distance from tho vortex 
valve which could indicate 3ono backflow. As tho cone to 
eliminate the back flow was arbitrarily designed for 
both weight flows on an approximate basis, rather than 
for one weight flow on an exact basis, some back flow 
could easily exist. 
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Pig. 10 shows, n3 expected, that tho wall liach number 
docronses with distance from tho vortex valve. Tho 
highest Much number obtained was approximately .090 
and from the trend of tho results, it is bolioved that 
extremely high plenum pressures would bo necessary to 
increase tills value significantly and the maximum weight 
flov/ usod was approaching the limit of the vortox tube 
S3 designed. 

Pig. 11 comimros the actual wall static pressure 
distribution v/ith tho theoretical wall static pressure 
distributions based on the assumption that the angular 
velocity is at a condition of solid body rotation. This 
is of course done to ascertain if the flow actually does 
reach and remain at tho constant angular velocity equili- 
brium condition. Tho theoretical curves are derived on 
both the ideal basis of no static temperature gradients 
and on the basis of the static temperature varying radial- 
ly v/ith pressure as if an isontropic compression had 
taken place. Actually, thero 13 very little difference 
in the theoretical curves. It can be seen that nowhere 
do the theoretical curves approach the actual static 
pressure curve nor doo3 there appear to be any tendoncy 
for the curves to approach one another. From this it 
appears that a condition of constant angular velocity 
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Is not the preferential condition of the flow as postu- 
lated In the theory. The flow appears to follow some 
velocity pattern Giving liigher wall static pressures 
than constant angular velocity would alio?/. This pres- 
sure distribution was checked for several velocity dis- 
tributions and appears to correspond to a velocity dis- 
tribution part way between one of constant angular velo- 
city and one of constant tangential velocity. Although 
the conditions as plotted are for* the lower weight flo?/ 
only, substantially the sane results were found to 
exist at the higher weight flow condition. 

Pig. 12 shows tho variation of the wall total temp- 
erature with axial location along the tube. It is seen 
that at all locations, the wall total temperature is 
liigher than the total temperature in the plenum chamber. 
As would be expected, tho higher weight flow run had a 
largor total temperature than the lower v/eight flow mm. 
It i3 interesting to note that the maximum wall total 
temperature occurs considerably closer to the vortex 
valve than the rainimun center total temperature. ?hi3 
is probably due to the flow of heat due to static temp- 
erature gradients affecting the wall streamtubos sooner 
tiian it does the center section. There is also a possi- 
bility that increased radiation from the vortex tube 
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lias some effect on the total temperature but with the 
Mgh weight flow 3 used this would appear to be a negligi- 
ble factor. 

Although the relatively slight increase in wall 
total temperature would appear someY/hat at variance v/ith 
the great total temperature drop at the center of the 
tube, it should be born in mind that the mass flow in 
a small annulus near the wall is equivalent to a largo 
area near the center tailing into consideration density 
gradients, velocity gradients, and diameters squared. 
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DISCUSSI ON 



It becomes apparent from an analysis of the fore- 
going curves and from previous data taken by thi3 author 
that the theory of the equilibrium or "solid body rota- 
tion" station i3 at variance with the observed results* 

At first this author considered that the back flow cone 
that had been in reasonably general use in most of the 
development work at this institution forced a flow 
distribution that v/oiild not permit a constant angular 
velocity station. Experiments were conducted using a 
nozzle to eliminate the back flow, which was the anti- 
thesis of the cone, and in general the same rosults were 
obtained a3 those using the cone. 

It was then seen that there existed another sot 
of forces than those due to angular velocity gradients. 
Prom measurements of the direction of the flow at the 
wall at any axial station, it wa3 concluded that there 
existed an axial component at the wall at station 1 of 
a Mach number of approximately .30 and at station 0 of 
.25. No axial components could be detected at the center 
of the tube and the axial di stribution along any one 
radius appeared to be approximately linear, YJhilo those 
velocity gradients are not of the sane magnitude as those 
of tangential components of the total velocity, they 
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appear to range from one third to ono half the magnitude 
of the tangential or angiilar velocity gradients. The 
vl 3c ou3 shearing forces due to the axial velocity com- 
ponents can then no longer bo ignored. From Reference (c) 
it is found that a rotating flow with a constant axial 
velocity can only bo satisfied by a true vortex. Thus, 
it can be seen that the viscous shearing forces due to 
the axial gradients tend to givo a constant axial ve- 
locity and a true vortex. In opposition, as previously 
stated, the viscous shearing forces due to the angular 
gradients tend to give a condition of constant angular 
velocity or "solid body rotation". These conditions 
are then incompatible and the equilibrium station as 
postulated in the theory section will not bo obtained 
when high axial velocities relative to the angular 
velocities are encoxmtered. It is possible that if Mgh 
angular velocities could be obtained with low axial 
velocities, a condition of constant angular velocity 
could be reached but prevLoxis experimentation doe3 not 
substantiate the retention of this angular velocity 
distribution over sufficient axial distance to permit 
heat transfer equilibrium to occur. 
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C0HCLUS1 ONS 



1. The vortex tube doe 3 actually provide for the 
transfer of energy from one molecule to the other al- 
though both molecules were originally at the 3ame en- 
ergy level. 

2. The vortex tube is not merely a "molecule sort- 
er" separating high velocity or energy molecules from 
low velocity ones, although this phenomena i3 present. 

3. The transfer of energy in a vortex tube is 
accomplished by viscous shearing forces due to high 
velocity gradients. 

4. The core of a vortex tube can deliver air at 
sub freezing tempex^atures . 

5. The theory of a region of equilibrium at con- 
stant angular velocity and at constant static tompora- 
t\ire 13 not valid due to axial velocities encountered 
in the actual vortex tixbo. 
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RECOMMENDATIONS 



If the vortex flow Is to be studied in the future 
with similar equipment. It is recommended that an an- 
nulus rather than a pipe be used. 7hi3 would not only 
simplify the Instrumentation but in any analytical de- 
velopment, v/ould eliminate the inherent center discon- 
tinuity character! s.tic of most rotative flov/s. 

Rather than using a vortex valve, the U3e of 
act\ial blades in the annulus to obtain the desired pro- 
file v/ould be desirable. By thi3 moans, the original 
condition of the flovz could be set and a mathematical 
development could possibly be mado of any changes that 
occurred. In using the present vortex valve it is im- 
possible to exactly define what the conditions are 
leaving the valve. 

It 13 recommended that an investigation bo mado 
of the vortex tube a3 a gaseous diffuser of different 
weight molecules. 
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SAMPLE CALCULATIONS 



All data listed below was taken from Table 1, Sta- 
tion tlireo (3), 



Pw 


= 14.70 


"He 








Po v; 


= 33.60 










Pc 


= -6.25 


"Hg 








Barometer » 


29.77 "Hg 






T°w 


= 5S6°R 










Tc 


= 484°K 










Pw 


= 14.70 


29.77 


a 


44.47 


"Hg 


Po w 


= 33.60 


29.77 


- 


63.57 


"Hg 


Pc 


= 29.77 


- 6.25 


= 


23.52 


"Hg 


POv/ / Pw = 


63.37 / 


44 


r . 47 » 


1.' 



Using the Mach number tables page 2.40 of Roforonce (U) 
Mw = .733 To w / Tw = 1.106 

Tw a 586 / 1.106 = 530°H 

All temperature readings wore originally taken in nilli 
volts and directly transposed using Loods and Morthrup 
standard conversion tables. 

Top for the wall temperature readings was 118°P 
Top for the center temperature readings was 113°P 



Pop 50 psi g age 



Barometer 29.77"Hg 



Station 


Pw "He 


Pw "Hg 


Po w "H G 


P°w "Hg 


1 


19.26 


49.03 


52.24 


82.01 


2 


14.90 


44.67 


40.72 


70.49 


3 


14.70 


44.47 


33.60 


6o . o7 


4 


13.35 


43.12 


29.12 


53.09 


5 


12.21 


41.90 


25.60 


55.37 


6 


11.25 


41.02 


23.16 


52.93 


7 


10.60 


39.37 


20.04 


50.61 


0 


9.33 


39.10 


10.04 


40.61 


To p 


= 118°P 




To p = 113°P 




To w (MV) 


o 

£ 

o 

Eh 


Tc (MV ) 


Tc °R 


Pc "Ilg 


2.70 


580 


0 


492 


6 . 40 


2.88 


591 


-.00 


489 


6.30 


2.72 


506 


-.22 


404 


6.25 


2.66 


584 


- .35 


400 


6.25 


2.66 


504 


-.36 


479 


6.25 


2.60 


502 


-.30 


481 


6.25 


2.60 


502 


-.22 


404 


6.95 


2.48 


570 


.50 


509 


11.30 



Table I 



P°w/P* 




To v ,/T w 


Tw °R 


Pc 


1.G74 


.892 


1.161 


506 


23.54 


1.579 


.836 


1.138 


519 


23.64 


1.427 


.733 


1.106 


530 


23.69 


1.368 


.685 


1.092 


535 


23.69 


1.320 


.644 


1.082 


539 


23.69 


1.290 


.615 


1.074 


541 


23.69 


1.286 


.611 


1.073 


542 


22.99 


1.240 


.564 


1.063 


544 


18.64 



Table I (cont.) 



Station 



?Op 4 0 pal 



Pw "Hg ?w "Hg 



1 


14.75 


44.52 


2 


12,26 


42.03 


3 


11.26 


41.03 


4 


10.64 


40.41 


5 


9.99 


39.76 


o 


0.36 


38.13 


7 


0.35 


30.12 


0 


7.55 


57.32 


To p 


« 120°F 




'o w («V) 


Tow °n 


To (MV) 


2.65 


503 


.24 


2.04 


590 


.12 


2.70 


585 


-.15 


2.70 


505 


-.09 


2. 62 


502 


CO 

o 

• 

! 


2.62 


502 


0 


2.59 


581 


.10 


2.59 


501 


.70 



j&i;o 

Barcnetor 29. 77” Ig 



f s o* n m 


Pow "14; 


42.70 


72.47 


32.50 


62.27 


24.48 


54 o 25 


23.76 


53.53 


19.52 


49.29 


10.26 


40 o 03 


16.30 


46.15 


14.04 


44.61 


.’Op a 112°F 


Tc °H 


Pc "Kg 


500 


6.25 


496 


5.00 


407 


5.00 


400 


5.55 


409 


5.55 


493 


5.45 


496 


6.00 


5X6 


10.90 



a j. 



Table 



Po v/ /P w 




To w /T w 


Tw 


Pc 


1.626 


.863 


1.147 


509 


23 ,69 


1.483 


.773 


1.118 


528 


24.14 


1.322 


.645 


1.082 


541 


24.14 


1.324 


.648 


1.083 


540 


24.39 


1.241 


.565 


1.063 


548 


24.39 


1.260 


.585 


1.067 


546 


24.49 


1.209 


.529 


1.055 


551 


23.94 


1.194 


.510 


1.051 


552 


19.04 



Table IX (cont.) 



* 

































40 p3l 



PV7 


8 Pc e(^ 


V' 






Mw 


Mv/ 2 


Pc 


l. 


.063 


.742 


23.69 


2. 


.773 


.595 


24.14 


3. 


.645 


.414 


24.14 


4. 


.640 


.418 


24.39 


5. 


.565 


.310 


24.39 


6. 


.585 


.341 


24.49 


7. 


.529 


.270 


23.94 


8. 


.510 


.259 


19.04 



50 





Mv; 


Mv/ 2 


Pc 


1 . 


.092 


.790 


23.54 


2. 


.036 


.695 


23.64 


3. 


.733 


. 535 


23.69 


4. 


.685 


.467 


23.69 


5. 


.644 


.413 


23.69 


6. 


.615 


.377 


23.69 


7. 


.611 


.372 


22.99 


0 . 


.564 


.317 


10.64 



700Mv/ 2 


.VOMw 2 

G 


PCS- 70 *" 


.519 


1.601 


39.8 


.417 


1.517 


36.6 


.290 


1.337 


32.2 


.293 


1.341 


32.7 


• 22 o 


1.250 


30.5 


.239 


1.270 


31.1 


.1945 


1.215 


29.1 


.1014 


1.199 


22.0 



£ 






700Mv/ 2 


,70IIv/ 2 

e 


PCQ * 70 * ‘ V; 


.553 


1.730 


40.0 


.487 


1.627 


30.4 


.375 


1.456 


34.4 


.327 


1.387 


32.9 


.209 


1.336 


31.6 


.264 


1.302 


30.0 


.261 


1.290 


29.0 


.222 


1.249 


23.3 



Table III 



Pvz 


- Pc M 2 / Tv/ 
2 To 


lr-i 

ar 


; 1 jr^ 

40 psl 












A 


B 


C 


D 


E 






Pc 


M 2 /2 


Tv/ 

Tc 


• 203 ( B) 


0/1 


r 

D fZT 


PcE 


1 . 


23.69 


.519 


1.013 


.149 


1.149 


1.633 


30.7 


2. 


24.14 


.417 


1.037 


.1225 


1.1225 


1.504 


36 .3 


3. 


24.14 


.290 


1.102 


.0905 


1.0905 


1.358 


32.7 


4. 


24.39 


.293 


1.092 


.0903 


1.0900 


1.360 


33.1 


5. 


24.39 


.223 


1.093 


.0693 


1.0693 


1.267 


30.9 


6. 


24.49 


.239 


1.084 


.0735 


1.0735 


1.205 


31.5 


7 • 


23.94 


.1945 


1.077 


.0593 


1.0593 


1.226 


29.3 


G. 


19.04 


.1814 


1.04B 


.0549 


1.0549 


1.200 


23.0 
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A 


B 


C 


D 


E 






Pc 


M 2 /2 


Tv/ 

Tc 


• 283 ( B) 


C/1 


D -1 


PcE 


1 . 


23 . 54 


.553 


1.017 


.1592 


1.1592 


1.66 


39.1 


2. 


23.64 


.407 


1.046 


.144 


1.144 


1.607 


30.0 


3. 


23.69 


.375 


1.062 


.1128 


1.1120 


1.457 


34.3 


4. 


23.69 


.327 


1.006 


.1008 


1.1000 


1.403 


33.3 


5. 


23.69 


.209 


1.090 


.090 


1.090 


1.353 


32.1 


6 . 


23.69 


.264 


1.103 


.0026 


1.0826 


1.323 


31.3 


7. 


22.99 


.261 


1.090 


.0813 


1.0013 


1.318 


30.3 


0 . 


18.64 


.222 


1.050 


.0661 


1.0661 


1 . 253 


23.3 



Table IV 



Vortex Valve AsseniiLY 
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APPENDIX A 



This theoretical development serves merely 
as a convenient reference for other investigators 
using the vortex valve employed by this author. 

In the following pages and on the following figure 
are developed the equations necessary to use the 
protractor for setting the vortex vanes and a 
plot of the vane settings with respect to the 
vane circle for each protractor setting. 



Tanqtn / fc 
oo rtcrx od/o e' 



Tdryenl /o ^ 
Ud n~e circle 



V* ^ Fr o fra c for 



Fro-fwct 

drm 




of /'s ihe uane onyfe uor+h rcspcci Vo d ijdntL 
Circle idnyeni 

0 /5 dny/e bef ujee n reference line d nd 

prof rd dor arm 

a. is ibc rdchus of ihe udne c/rc/e 
6- is ihe rdchus of the oor-fex cdfue 



S m ft - S/ n B uuhcrc ft f B arc 

x & the dnyfes opposite 

$ e b 

f 

Stn 3 - S' / n A 

a 

B - S/n (a s,n A ) 

C * 180 - (B+A) = !80-(6 + e) 

C = 180 - s/r>-' (gsme)-Q 

C=<p-<* o <^<f>-C 
of - <p - 180 + sfn~' S/h qJ 

0 = 70 -e 

of - 90 -0-/80 * Sin' 1 CaTS/heJ-tQ 
o< = - 70 i Stn (\ a St n 9 ) 

b = !%" a r //fd '' 

J = 1.273 

a 

Of =■ - 70 t Sin 0.2.93 si n Q J 
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APPIWDIX Pi 



The investigation in Appendix B w*>s conducted 
with the vortex valve but without utilizing the 
vortex tube. As can be seen from Figure 1-B, 
the vortex valve was secured to aluminum housing 
mounted directly on the plenum chamber. Air then 
flowed from the plenum chamber through the vortex 
vanes expanding radially inward with a high angular 
velocity and discharging through a one half inch 
orifice in the face of the housing. 

Instrumentation holes were provided radially 
from the orifice starting one tenth of an inch 
from the orifice with two tenths of an inch be- 
tween centers. Four instrument holes were usod with 
the last hole being one eighth of an inch in from 
the vortex vane circle. 

The instruments used arid their calibration 
were furnished by Major D. H, Heaton, USAF, The 
total pressure probe and temperature probe were 
made from number 20 stainless steel hypodermic 
needles, and the static pressure probe was merely 
a tapped stud fitting into the instrumentation 
hole at the desired station. 

During the run, a pressure of thirty pounds 
per square inch gage was .alr,talned in the plenum 



chamber. This pressure resulted in a f.’acb number 
at the discharge of approximately ,910. 

In all readings, the total temperature and 
pressure were taken in the center of the radial 
section at each instrumentation hole. It was assumed 
that the static pressure was constant at any given 
radius . 

From Figure 2-B it can be seen that the product 
of Mach number and radius is almost a constant. As 
the Mach number is approximately proportional to the 
velocity in this investigation, the conditions exist- 
ing are very nearly those of a true mathematical free 
vortex. This is substantiated by the essentially 
constant total temperature in a radial direction. 



Barometer 29.99 "Hg 
Top 110° P 



Station 


Po ”Hg 


Po ”Hg 


P "fig 


P "Hg 


1 


57,3 


87.29 


37 


66.99 


2 


57.3 


87.29 


48.3 


78.29 


3 


60,3 


9,0.29 


54.0 


03.99 


4 


59.6 


e9.59 


56.5 


86.49 



Po/P 


M 


To (MV) 


To 

instr . 


To 

correct 


1,304 


,630 


1.97 


100 


110 


1.116 


.400 


2.09 


105 


111 


1.075 


.324 


2.10 


105 


110 


1.037 


.220 


2.10 


105 


109 



^•Stations numbered from nozzle out. 



TABLE 1-B 
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APPENDIX C 



The investigation in Appendix C was to atter.pt 
an approximate determination of whether or not dif- 
fusion was taking place in the vortex tube. Although 
it was admitted in advance that the equipment readily 
available for making this determination would be 
crude end that the tv/o main component gases, oxygen 
and nitrogen, had nearly the same molecular weights, 
it was felt that there was some chance of getting 
at least an indication on which future more careful 
investigations could be conducted. 

Standard Orsat equipment v/as utilized, taking 
samples from station number five of the vortex tube. 

A double valved manifold was used to reduce the 
existing pressure and provide a fine control over 
sampling. The plenum chamber v/as maintained at 
40 pounds per square inch ga. o during the sampling. 

Three determinations were made of the free air 
in the laboratory and of the air at the periphery 
of the vortex tube and no significant results were 
obtained. This should not be interpreted as ruling 
out any such possibility but merely reflects on the 

t 

accuracy of the employment of apparatus beyond its 
design limitations. It would be interesting to see 
what results would be obtained by using mixtures of 
widely different molecular weight gases and more ac- 
curate quantitative measuring devices. 
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